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The effectivoiJosD of water rudders on flying boats is in- 
vestigated by nodel-tostii3g tlireo i^tangular madders of aspect 
ratios 0*5» 1*0, and 2.0 for tlieir lift forces dc 2 voloped wiien 
located beneath tlx3 vee-bottcood afterbody keel near tlic steri>- 
post of a conventional nilitaiy flying boat. Flying boats laave 
always depended i^on the asyimetrical thrust of -Uieir rmlti- 
engines for oancuvering at low speeds, but recent developoent 
of liigh Ixnigiih-bGazi mtio hulls has stirred interest in a siniiLc 
and oore effective control. 

Yawing tests are reported both v/itli and Tdtliout rudders, 
and fron the.'a the forces of tlie rudders, the effects of an open- 
ing gap, and of isike at yaw angles are discussed. It is found 
that a low aspect ratio (0*5) rudder is superior to liigher as- 
pect ratio rudders in ajaxkiuaa lift, burble point delay, sensi- 
tivity to disturbances \rfiich follovrs flxxn low lift cuivc slope, 
effective asix3ct ratio, and in obstruction offered on tloc 
beach. 

Tlie gap caused by a rudder opening below a vee-botten is 
found to increase tlie effective aspect ratios 26 and 20>i for 
gcooetric aspect ratios of 0.5 suod 1.0, respectively. This nay 
be coapared to a 1005 gain vniich Tsould be obtained If tliere 
cocplnte reflection fron tho surface above the rudder. 

Tlie T/ake is found to disturb tlie flotir ovei' tlie rudders 
but little J'or yaw angles to 7 degrees tested in tins wori:. 
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Tlie probl£2a of nsarieuverinc largo flying boats at low 
tajdJLng speeds lias alrays caused concern# and is receiving re- 
newed attention today with the advent of long afterbody hulls. 
It is one of directional stability in the displacemnt# or low 
speed range, and has been treated by Pierson (29, 30), Loche 
(26,27), and mny otiKirs (16, 17, 18, 22, 23, 2h, 2S, 33. 3h)* 

The difficulty arises with the instatdlity eJxountGrod 
wiion tiie boat is laoving very slov/ly. It lias been described by 
Korvin-Kroukovsky (5) as being due to tlic hull acting as a dls- 
placemont vessel at tbo loiv speed of taxiing with conditions 
above and below the water line Gcci)ining to make it unstable. 
There is deep draft in tlie forebody sections fomard of the 
center oC gravity, and a smaller draft and suboergtxl side area 
aft. Above the mter surface the greater side ajroa lies aft 
of the center of gravity and includes tlic tail surfaces# In 
tbo case of a aaaH yaw, say due to a side gust, both of tiicse 
conditions tend to make the craft unstable in yaw, in tliis 
case, to "weathercock*'. 

Flying boats, as difforenfciatod fixm single-cnginG sea- 
planes udiich use water rudders, liave depended cocpletely on the 
asycootrical power derived fixxa their multi-engines for turning 
at low speeds. liooever, Locice (h2) rqports that in the past 
fen years about 10 per cent of all on-tiJc-wator accidents to 
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flyirig boats Tdthout rcjy^i'sible pltcli prcapcllBjrs could be at- 
tributed to lack of a rator rudder. Tiiese include luniiinf? into 
breaJovaters, ranps, buoys, moored aircraft, and tias like. TIjd 
trouble here seeniQ to be that when the aircraft approaches 
danfjer, the pilot aj^lies additional power to turn, but in so 
doing he speeds and ci'ashes into the object ho was trying to 
avoid. 

RovGToiblG pitcli propellers appear to be tlic ideal an- 
s^rer to controllability at low sjxjeds. Chilloon ( 36 ) and 
Ilutcliinson ( 25 ) botli chow the advantages inliorent with tlie neg- 
ative thrust available here. florAJver, Loclce (i;2) states that 
althoiigh maneuvering accidents should be a tiling of "Wie past, 
it even takes a certain amount of tine to reverse pitcli, and 
maneuvering tritli tlio aid of the prc^llers nay be slightly awk- 
ward with tsjin-engiae flying boats* At ary rate the desii^lo 
I'esults looked for with reversible pitch propellers have not 
yet been realised in cotEion practice, and cinpler answero arc 
still in demand. 

liary devices have been and are being tested as a solu- 
tion to this <anbarrassing situation. Sea anchors have long 
been used Ydth s<xi)e succeso, but the delays in relaying orders 
aft for their affective use leave much to be desired, itow 
ideas inslude varieties of flaps on the bottcci, outboard motors, 
and rudders. 

As mentioned abcf'/e, water niddors have been used b&^ 
single-engine seaplanes for years with success. It is apparent 
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tint the air rudder is of no usg at Icrcr speeds -due to lad: of 
sufficient air flow over its surfaces. Locke {hZ) states tliat 
■wiien asynnetrical power is not available, the oicplest and nost 
positive iDcans of piwiding directional control appears to be a 
■water rudder- 

Little systenatic s^tudy has been given to tiie forces 
available from -Rater rudders on flyiHG boats. A rough correla- 
tion of the dinensions of -nater rudders of various actual sea- 
planes and flying boats as related to -tiieir beliavior was pre- 
sented by Ijoclce (U2). However, a wealth of accunulatcd data is 
available froa surface ship rudder investigations (35#37»3S» 

39 » lil, Ii3# hh)» Of inrticular value is Darnell's work (37) 
which is a ccaapleto study of tlio hydrodynanic characteristics 
of rudders. His resul-ts arc ucod later in tliis report for c<xa- 
parisons- 

Tlie case of a -nater rudder loca-bod beneath the afterbody 
keel, far aft of the step near the s-terrpost, is investigated 
here. It is realised Uiat tills location is not good for ground 
clearajKie on the beach, and that the rudder sliould be retract- 
able, but the advantage i]iydrodyTjan^^ to be gained here were 
controUing. In -this location the rudder is cos^letoly inrnersed 
in cca^paratively undisturbed -na-ter, and the effective aspect 
ratio siiould be greater -than the actual geooetric aspect ratio. 
Both of -the foregoing shoEuld benefit tlio rudder's "lift”. 

Two difforoncoD froQ tlic surface sliip rudder problen bo- 
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come evident hero. The first ia tlie gap csffect due to the voo- 
bottca of a flying boat. Although the rudder nsay be flush 
against tlic keel in the fore and aft position, as it turns, it 
opens a gap tThich destroys sooe of its ’’reflected” aspect ratio 
gains* Secondly, because a flying boat nay run in a yaned at- 
titude as a ’’steady condition”, the flmr pact tlie ludder may be 
altered from the adap lane’s centorliiKj appreciably. Tlieso ef- 
fects arc studied. 

The ^neral purpose of this investigation is tlicnt to es- 
tiEjate -what the rudder should do, to measure -sdiat it can do, and 
to offer results that nay be of use to designers in selecting a 
rudder for tlicir particular need. In addition, a bibHograply 
is offered containing nany worlds in fields allied to this sub- 
ject. 

Several limitations were necessarily cstabllslied in order 
to arrive at tangible rcs’olts in tlie time available* Only rec- 
tangular rudders of three representative aspect ratios v;erc 
tested. The four speeds used “nere equiv'-alent to full scale 
values of free 5-1/2 to 1? knots* Only one rudder location vjac 
used, as mentioned above. One vcliicle or Imll type \vaG used, 
tiiat being a tjell-knorm military flying boat hull, Trlxich lias 
generally good directional stability. Otlicr variables bold 
constant here include i load, trim moaont, ijeei angle, rudder 
area, and initial gap. 

f'uither limitations to this study arc made as regaids 
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the niethcxis used* /o}y tuminG analysis of a free croft is a 
dymaic problco and of the type tiiat can be handled by a rotat- 
ing am apparatus* such as operates at the ESqperiia^ntal Tof»ing 
Tank, Stevens Institute of Tecliuology* Hobolaen* Iknar Jersey, 

For this liioitod iKjrk only the tendency to turn* or tlie initial 
stage of the turn, as represented by a iMdel tosaad straiglit 
denm a tank in a yarod attitude ms irvestigated. As Pierson 

(29) lias explained, it is a fact tliat ide yaising nooent versus 

yasria^ curves oust undergo radical ciiangos once tiio turn 

has been started. 

It shcrold be oade clear tliat although yaning jaoosnt 
coefficient vers'us yawing angle (C., vs. ) curves mre made 
with tlie rudders tested, this study does not attcopt to cover 
tiie prehuep directioixil stability problca wiiich is of a differ- 
ent ryiture than that of low speed mneuvering* It is a very 
inportant one because of its bearing on talce-offs. Pierson 

(30) has discussed tliis problca Trith ezcellsnt detail* Although 
lie ccausiciers tlie effects of skegs (fins) and chines, he does not 
Qontion tl» use of rudders* Locke ( 7 ) ncrrtlons that if prehnnp 
directional instability mnifests itself, it can bo corrected 
by cutting back the peroer on one or norc of tije outboard en- 
gines of a Eciltd-enginG flying boat in order to introduce an 
asynoetric tiirust* The idea insaediately suggests itself to use 
a water rudder to obtain this asyonetric raoticMa witiiout cutting 
back ai^r power* This lias not been investigatexi in this rqiort. 
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although it should bo looked into. 

Briefly, the rudders were tested to deteraino tlioir lift, 
or cross-wise force, by nsasuring the yawinc nwoent coefficient 
rcsxzlting froa tlioii' position at various speeds, and tlien con- 
vearting it to lift coefficient. The result being lift versus 
angle of attack (Cj^ yd. OC ) curves £ot each rudder and speed. 

The njost significant corxrlusion readied in tliose tests 
is tJiat a low aspect mtio (0.5) rudder is tiie njost effective 
of the tliree tested for use Tdth a flying boat hull . Tiiis 
statenent is based on the lew aspect ratio rudder *g having tliC 
highest rmircia lift, noot delayed burble point, least sensi- 
tivity to yaw disturbances, wliich is a direct result of it hav- 
ing the lowest lift curve slqp©, greatest gain in effective as- 
pect ratio, and least projection below the keel structurally. 

Other conclusions include gap effects and variation of 
effective aspect ratio gains witli geosactric aspect ratio* Tl^ 
gap that opens beneath the vee-bottoEi is shersn to reduce con- 
siderably the effective aspect ratio gain found witli a no-gap 
condition. Tlio effective aspect ratio gains decrease progres- 
sively fi’csu plus 28^ for A » 0.5 to ninus 2,6^ for A • 2*0. 

The ndder location used proves effective with, suiall 
T?ako effects, large mooent azn, and ccoplete ipneroion for the 
lcTi7 speed range. 

The problQin of horr effective water ludderc arc for fly- 

$ 

ing boats is still unans-.-nsred ccEplctcly at the end of this 
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particular inTestigatioii, fcr tsK) reasons nainly. The first is 
a lack ox cooparison witli other devices for oanouvering at low 
speeds, 0 ;ui the second is the lack of dysanic testing at vari- 
ous turning radii* Further testing sliould also bo doixj on the 
newor planing-tail type hulls. 

All testing -was perforaed in Tank IJo. 1 of tlio Itcperi- 
nontal Towing Tank, Stevens Institute of Technology, Hoboken, 

Ilcw Jersey during the months of February, Uarch, and April, 

19 ^ 0 . 

Acloaorrledgncnt is appreciatively node to aH of the staff 
of the Fspeidiacntal Towir^ Tank tjho helped witli the t?ork in niaiy 
ways. Especial nention is given to Professor B. V. Korvin- 
Kroutovsiiy for his veiy valuable and patient advice at every 
turn. 
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lioih-dlziniisloml Coefficients t 

load Coefficient 
Speed Ccxsfficient 
Triixdng Mocent Coefficient 
Yawing Motaont Coofficionfc 
Ifeave Coefficient 
Lift Coefficient 
Konaal Force Coefficient 



C^ • A/Rtr^ 

id 

■ 'V 

Cj^ « iiA 
Cl “ L/^p\^S 



ether Syriols t 

A Aspect ratio » & /S 

C Coefficient 

H Hull alone 

L Lift of rudder, pounds 

H Uooent, foot-pounds 

M UoiTjal force of an aii'foil 

pVc 

Reynolds number * ^ 

R Rudder alone 

2 

S Area of rudder, inches 
T Total 

V Velocity', feet per second 

a Rudder am, distance frea center of gravity to rudder 
stock parallel to baselliK 

b Beam of main step, feet 
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c Chord of rudder, inches 

2 

g Acceleration of gravity, 32.2 foot per second 

h licave at center of gravity (iieij^ above position at 
rest and sero trin angle), feet 

i Initial valno 

^ Span of rudder, inches 

n l^odel 

0 Standing value 

12 2 
q Dyncnic pressure • pV , pounds per inch 

r Running value 

s Full scale 

•w Specific T/eight of t;atcr, 62,3 pounds per foot-^ 

Angle of attack of rudder fjroo hull center line, 
degrees 

<x> Ai^le of attack of rudder 

A Load on v.ater, pounds, or change in 

e Additional angle due to angular velocity, degrees 

X Patio of model to full scale diiaensions 

^ Coefficient of viscosity of fresh T<ater, Iiere: 

0.851 X Kt 5 slugD per foot-second at 70 degrees, 
Faiireriieit 

-d Fdnenatic viscoeity of fresh mter, here: 0.1ii49x ID 
feet^ per second 

2 

p Density of fresh water, 1*9U pound seconds 
Trim angle, degrees 
^ Heel angle, degrees 
Yaw angle, degrees 
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Th3 Riddera. 

Ths tiaree 'jsater ruddei^ tested XTore all rsctangular in 
plan fom, coristant at one square incli area, and diTfercnt in 
aspect ratio. The aspect ratios chosen -weret 0-5# 1*0, and 
2.0, Tshich deteiminGxi at once ti)e profile dduonsions* The 
thickness ratios TKsre O.liiO, 0.125* and 0.100 respectively. 

AH sharp corners t.ere roiaadod, and tl>e prdfiles nere strean- 
lined sjOToetrically. The raaxiram thickness and tlio a:dLs of 
the rudder stock Tjere set at tiie qnarter-chord position. Those 
rudders are shcfira in ^’ic* 1. 

The rudders leero designed rectangular in fora as that is 
a fairly general case, and also because T.'intor (57) has sliown 
forces to be sinllar on both rcwtangular and elliptical plan 
foras of equal asxxjct ratio and angle of attack* Darnell ( 37 ) 
shoRod identical lift slopes in the li.naar range for various 
plan foras at tie sane aspect ratio; the differences in the 
curves all occurred in their shapes at rm±min values. 

They tiere taken equal !in area, and one square inch in 
area, for bettor coeparison and to obtain a unit lift value 
rhich could be adjusted to suit a jjarticular iieod. The aspect 
ratios cover the range of short span air- or hydro-foils Tdiich ' 
is cocoon in rudders. 

The thickness ratios i?er© chosen arbitrarily to keep the 
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gix^atcst thicloiGso Khich occurs at an aspect ratio of 0.5 with- 
in reasonable bounds. It should not be too thick if the rudder 
is to be retractable. Fischer (38) stated that a thiclccos 
ratio of 0.2 wouild give the greatest lift, but Damell (37) 
found tiiat tlie differences in lift coofficient for rudders of 
various tiiickness ratios tsitii the sane aspect ratio were neg- 
ligible. 

The rodders were cut and filed to shape froQ brass stock, 
and wero snoothed Trith c2nory cloth. 

The Veliicle . 

The rudders were tested on a 1/22 scale tiodel c£ a well- 
knenm nilltaiy flying boat. Ti^ds aircraft has " conventional" 
lines, that is to say, it is not of the nemcr planing-tail typo. 
It is also known to be gencralHy good for low-epeed naneixvcring, 
so that tiio testing of the rudders was not radically affected 
by the vcliicle. /m extension of the tests to one of the ne-ner 
hulls would provide furtiier excellent data for ccemrisons- 

The rudders were located at the keel, 15 inclios aft of 
the center of gravity, or i3 inches aft of the step. Tlxsoe dis- 
tances correspond to 27*5 feet and 23.8 feast, respectively, for 
the full-ccale case as shewn roughly in Fig. 2. This location 
places tixe rudder near the end of the afterbody for riaxinura 
ocoent am, and below the keel for relatively undisturbed, or 
"green water*' flow. The rudders were cocplotoly issxtraed for 
all speexis • tested. 
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The aodol rudder stoclcs exteiided throucli aijd above the 
hull, peipendicular to tl^ afterbody Iccel, tdiich mxie tiien 
vertical for 7*5 de[;rees trlja, a good dlsplaceaent range triu# 
Above the dock, the rudder st<x:ks fitted into a pointer iThicli 
indicated on a protractor the rudder angle setting relative to 
tlxj centerline- Fig. 2a shores tlje arranceoent roughly. 



The Apparatus . 

The SKxiel, or veiiicle, Tsfith a rudder -nac laountod on tl^ 

standard se^^lane yaning apparatus of tlie rtqjcriiaental Tensing 

Tank, described by Loclre in (26), and shewn scliemtlcally in 

Pig# 3» The nodel was laoijnted on pin bearings at its center of 

gravity, and Tras tlmo aHowod freodoci in trin, or pitch. The 

yoke could bo adjusted to give fixed heel angles. Tie yoko was 

attached to a staff Tihich allowed freedoci in yaw# Tlio angular 

notion of the staff was rostrainod by a calibrated spring, thus 
\ 

alloYdng detemdnation of tlie yawing oosaent# A dashpot was 
provided for dancing the yaw. Freodoci of heave* or vertical 
froodom was also provided by balanced, pivoting beans frosn the 
carriage to the CKxiel, and by applying tiio tordng force froci a 
pcant woll forward of and parallel to tie center of gravity. 

The calibrated spring nentionod above constituted the 
yawing dynancoetor. Tlie spring was relatively wcalc in order to 
respond to snail yaw nionentB, and give a deflection tint could 
bo easily read. It should be noted that this aethod of using a 
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spring mires it difficult to obtain the laociont cvarve near a dio- 
continuity, and in?K>scible to got points on portion of a 
curve -with a bigher slcpo tlian tlie spring constant* ilowever, 
no discontinuities were approached in the range tested here for 
rudder use- An exarple of this type of curve nay bo seen in 
l?i for a high speed tost nade cmly to coepare with pre- 
vious tests. 

Tiio ToiT Tank. 

iUl tests V5eie nade in Tank //I of the Esporincntal Tow- 
ing Tank, Stevens Institute of Technology, Hobol^en, Itovr Jersey- 
This Dodel basin is 109 feet in lengUi and 9 feet in Tfidth# It 
is seni-circular in cross-eoction. This facility lias advantages 
of simplicity of opei’ation, and esnetness of pro-set spoc5ds. 

Tlio llethod. 

Tlie nethod used iras essentially tint in coemn practice 
at the lixperioenteO. Tcmiiig Tank, and as described by Locke 
(26)- Tlie ya-wing test method was cccbcnded in this case to give 
value 0 of rudder lift, and the cOTputaticno involved are ox- 
plained in a section tint follows. 
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PEXUDIU^E 01*’ Ti^SIS 



The YawiQ^ Teatc. 



Haiitlno yswiuj tecto -Kere nacio both TdLth and Td.thout a 
rjdder. Cno tent v/ac made idlthout a rudder at a liigher speed 
than Dhovm in Table I, namely: ® 2.17, or » 2? kts,, in 

order to cooparo thin investigation vdth tlie origirial tests on 
the sarao model. (Reference is classified.) 

Bare hull yaning tests Y/ero mde for tlie four speeds 
used throughout. The rudder of A •“ 1*0 ms tten mounted and 
testdd at settings of rudder armies: 0, K), and 20 degrees. 

In tiiose tests no Iiool angle ms introduced to siinulate 
a TTing tip dOYSi. A siaall nosc-^otm laonent ms oaintainod to 
partially- slaula-be thrust effects (C,j « -0.033). The nodel 

in. 

vac ballasted for a value of = 0.0, aai ms allowed to pivot 
freely about bo-th the transverse and vertical axes. These are 
average conditions used by Pierson (29) • 

Tlic Rudder Tests. 

Tlje three inidders (Fig. 1) irere tested at four represen- 
tative speeds. Table I shcnis the values in dinencional and 
non^iiaensioaal fornis. The speed coefficients range from 0.521 
to 1.600, and correspond to full scale values for tbs aircraft 
used of froQ 5*55 to 17.03 kix)to. 

Eacli rudder ms laounted on the r^odcl, and the yawing 
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angle rocordod (the initial yaw angle boine zero) for varioac 
rudder settings at each of tlio four speeds. A i^onning plot of 
:y’a:njLng laoEaeiit versus i-'udder arigle T.-as kept to insure that suf- 
ficierrt runs TKire mde to include tJie burble, or stalling, 
point for each speed* Tlic angln of trin arsd i^oavo were also 
noted for each run. 

The reduction of these data are described in the fo3Llow- 
ing section. 
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RESULTS 



Tho Calibratdon Cmves. 



Figs. 17* 19 # 20 are calibration cai'ves used in tlic 

reduction of tho test results, and -will be rssntioned tsay of 
introduction. 

Fig. 17 is tijc usual spring cuive draim preparatoiy" to 
making yaw tests. Fig. 19 is also a spring curve csxproGsed in 
different units. For each a kncfrai ■neigbt on a string van hui^ 
over a pulley end hooiced to the bar at the center of the spiing, 
shocn in ^ig. 3* this case the 'woigiit was hooked to the bar 
at a distanco from the center of gravity (staff center) equal 
to the distance from the center of gravity to the ruddci* stock 
(q'oarter-chord of rudder, or appi’ODdmte center of pressiire), 
so tliat the weight or force was plotted against the resulting 
yasT angle in Fig, I 9 directly' as lift at rudder versus clnnge 
of yaw angle, L vs. A V. 

This force multiplied by its am, or distance froaa the 
center of gra^/ity becooes the yaw moaent, and trlien divided by 
wb^ beccoes the rKjnKiiinensional yardjag raoKjeirb coefficient. The 



latter was then plotted against change of yaw to give Fig. 17 



T.-itl'i C,jf vs, tY • 

dy 



Fig. 20 is a roplotting of lig. 17, but with the addi- 



tion of tije Hft coefficient, Cj^, also versus the cliange of 
yarr angle, A<^. Tho C, values wore obtained foi’ each of the 
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foxir speeds -used, TTith tiie lift valuco of Fig. 19, tho doncity 
of fresh tsa*tor, and tiie area of the rudders. 

The lavdng Tests . 

» 

The yming tests outlined in the Procedure of Tests sec- 
tion were made according to establiabed Experimental Tcraing 
Tank oetliods* The yawing nioaent coefficient versus yaw angle, ' 
vs.y', values were coeputod using tho calibration curve. 

Fig. 17# and tlie runnii^ yaw angiLe obtained frroa the forEiulat 

"V" ®Tl^r “ "fi + (1) 

where, angle of yaw; 

initial angle of yaw) 
t Y cliangc in angle of yaw. 

The rosults are plotted as Figs. Hi, 1^, and 16. 

Fig. Hi is an especially graphic neane of sbotving tho 
variance of directioml • stahl Itty cliaracteristics as a function 
of speed, angle of trim, and pitcliing mcesnt. It was developed, 
and is described by Locke (26). It is scoetiiiies referred to as 
a ^wallpaper” chart for obvious reasons. 

Fig. 15 is the conventional yoasii^ nooent versus yaw 
angle curve for a. » l.Olil, but with tlie curve for tJie hull pins 
the rudder of A ** 1.0 at zere angle of attack with respect to 
the hull superieposed. 

Routine yawing tests -were also mde at ®* l*Qlil with 
the rudder of A « 1.0 set at 10 and 20 degrees with respect to 
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the hull center-line. The cuives for tli3sc tests are shown in 



Fig. 16. 



The Ridder Tcatc . 

The ain of tlie rudder tests ijas to obtain lift curyoo for 
tlie rudders in tenas of , These ipere obtained using 

tiie ya:*ing sqpparatus in a simlar roarmer as in the yasdng tests, 
and by using tlie results of ti^o yaning tests also. 

Tlie steps used for obtaining one curve for one rudder 
and one speed Tdll be described* Vilth tlie rudder nwunted on 
the model, and the rudder angle T»ith respect to the hull, oc 
noted, a yawing run was made at the desired speed, with the 
model's initial yaw angle, always zero. This gave a value 
of = lAj. wiiich for these tests alt/ays equalled aV', since 
f,-0. 

This value of , being for the hull plus the ‘rudder, 
was labelled Fron Fig. 17# a coiresponding value of 

(C,. ) 'ims obtained. 

E; 

A value of Cj^^for the bare huH, witJiout a rudder, was 
obtained fron tbs yaydng tests. Fig. Hi, for the saiae , and 

this T/as called (C.^ ) . 

K 

Subtiacting the value for Uie Inill aloix) firco the total 
value gave the rudder alone value. Fig. 18, as: 



(C., ) - (a,i ) - (C„ ) 



( 2 ) 



Fig. 20 was then used to convert (C,, ) to C, of tiio 

Ly h 
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rudder* An exacple in the use of Fie* 20 is shcran, entering at 
”a” and proceeding via "b”, ”c", to ”d"* 

Other points rroro obtained simlarl^ at other rudder 
angles, It tlien remained only to correct oc,^ to a true 

angle of attach, oc , id.th respect to tlio fluid florr* For this 
correction, it -was assusied that the fljon past the rudder •was 
unaffec'ted by the angle of the hull, or: 

H " ^ (3) 

The resulting lift cuives for the three rudders, and 
each at the four speeds, were found in this nanner and plotted 
in Figs. h» 5» SLnd 6. '\Torking values for each point ■were re- 
corded in Tables III, IV, V, and VI. A plotting point code is 
sliown in Table I, 
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DISCICGIOIi 



Lift and Aspect 5atio. 

The vs. oc curves obtained (Figs. h» and 6) are 
shoran to bo practically straigiit lines initil the region of 
burbling (or stalling) is approached* In tlie burbling region 
they round off, or flatten out, before breaking ^or a^^oct 
ratios of 1*0 aid 2.0. For A • 0*5# tlie rounding is loss and 
the breaking is sharper tlian in the otlior tno canes. In every 
case the curves are found to collapse very -well, Trlilch is to 
say, they liave practically tlie sane slope for tlie four speeds 
tested at the same aspect ratio. 

In general, tbe cf foots of aspect ratio are found to be 
tlie aost pronounced for cceparing other paraneters. Von Misos 

(55) 1i3ls mritten that tlie lift coefficient is alaost entirely 
proportional to angle of incidence and aspect ratio. Tinber 

(56) goes furtiior to say that the flc«r pattern is practically 
independent of Itoynolds mmber. 

Perliaps the most evident effect of asi^ect ratio is the 
slope of tlic Cj^ vs. curve. It is seen in Fig. 7 for a con- 
stant spe^ tiiat slopes vary freo 0.021^2 for A » 0*5# to O.Q530 
for A * 2.0. This is also shorn sirailarly by Darnell (37) in 
his Fig. 26. Tliis effect is T3ell-kru3tm for airfoils of greater 
aspect ratios, and it is of interest to cotpare tixi results ob- 
tained hero Tdth airfoil tbeoiy and mnd tunnel eiperinentation. 
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TiiDrc are naiv ecqjrecoioiic in the litoratiarG for tliic 



lift cTiive clopo, or dCj^/doc • Fnforeixjes (kS) tinrougli (60) 
all portain to tliis subject. Siler (56) correlated most of 
the ejcisting theory of low aspect ratio lifting surfaces, and 
developed a siE?)lc csq)res3ioia for determining the lift of low 
aspect ratio, tliin, flat, rectangular airfoils, cor:plctely in- 
laersod in a fluid: 



wiiere the first tern accounts for the longitudirsal flow found 
for all aspect ratios, and tiie second accounts for the cross- 
flow talasn from Bollay (U5) at zero aspect ratio, winter (50) 
in Ills "Danaig ecqjerinients" made unusually ccaiplete tests over 
the lo?; aso€x:t ratio range. BoUay (1|5) accounted for the non- 
linearity of V.’inter»3 results, and developed very cc3E?>licatod 
forrailas vsfhich agreed well with then, bat arc not easy to use. 

Assuming aa angle of attack of 10 degreoo for an aspect 
ratio of unity, values of lift coefficient froa tfie above 
theory were corr^iuted, and are Usted below with tl:ie e:q)srinen- 
tal 2’esults of Darnell (3?) and ticse tests. 




2 7tA sintaccosoc 
2 + A 




ih) 



From Siler (56) 



C,, - 0.U2 Cj. » 0.103 



winter (50) 
Dollay (U5) 



“ O.lil » O.liC^ 

= 0.50 * O.U92 

- 0.39 » 0.331; 

* 0.33 * 0.371; 



Gottingen c:q)crimentc (i;5) 
Lifting lino tlieory (I45) 
Von Hises (55) 
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Froci Darnell (37)# for ecqxsriraental tostc -of rudders under a 
flat-botrtcood laodel, i?iien t]ie rudder vzus flush against tiic 
bottom: Gj^ =» O.Iji;? 

wlien ono~third of its span ar»vay from tte bottom: 

» 0.335 

From those tests, Tab3e II aiid Pig. 5# 'urder a vee-bottcened 
flying boat hull, ishich caused vaiying gap: 

- 0.375 

An inspection of the values above shenrra that the result 
of this testing is betsieen Darnell’s "no gap" and "-with gap" 
figures, and is in the range of the various theoretical values, 
Tdiich are asouaed to b© "no gap" piedictions. 

The von llioeo (55) valuo, used above, ms obtained from 
a sisple fonmila found to represent airfoil OEperiiiK^ntal re- 
sults fairly well. It is, at ary rate, sufficiently accurate 
for use Iiere idLtbout going to the oore exact and long enq^res- 
sions of Bollsy and Siler. Tliis fonaula has also boon used 
iiith success by Korvia-Eixrukovsliy and follows* 

, 0.1 (S) 

dec 2/A 

For further grq^hical analysis, all slopes of the lift 
curves freo Figs, it, 5# ^J>nd 6 are plotted against actual aspect 
ratio in Fig, 9 , Other points aia added fron the e^qxjriiaeiJta*- 
tion of Darnell (37) uhd an H.I.T. thesis (lt2A) laentioned tiiere- 
in. 
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The aspect ratios used in these tests# 0*5# 1*0, and 
2,0 cover a border-line range for which neither, veiy low aspect 
ratio tbooiy xior ordinary airfoil tlieory applies eocactly. For 
comparative purposes. Equation (5) ie plotted in Fig, 9 also* 

An "effective” aspect ratio, k. is then obtained by projecting 
the actual points to the curve at the oonc dC^/d/c . Th^ 
are plotted in Fig. 10, and recorded in Table II, It is seen 
that the effective aspect ratios are slightly gi>3ater than the 
actual aspect ratios of 0,5 and 1,0, and are slightly less tiian 
the actual aspect ratio of 2,0. This tendency is sindlar to 
the results of DameU. (37) < and far froa a value of twice the 
geoGJctric or actual aspect ratio that night bo expected froa 
“reflection” theory for no gap. 

As a criterion for selecting an effective rudder, the 
slope of its dC,/d«: curve is izqjortant, and a lew value ap- 
pears to be the most desirable. Fischer (38) explains it this 
Tjayi 

"Tile best distribution of rudder area is ob- 
tained wiien aspect ratio is apprcDdmtely 1*3 - 
1,0 because Td.th such rodders, the ndder forces 
for snail nxider angles used in normal steering 
do not increase too rapidly, yot large forces 
arc developed at a rudder angle of 30 degrees." 

LookinG at the flying boat problen in particular, another 

reason for the desirability of low slope is evident. Flying 

boats iiavo a tendency to yaw rather suddenly to ratiier large 

angles, so that the actual angle of attack of a rudder far frcjci 

the center of gravity could build or decrease rapidly* In 



2h 
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this case, the rudder Tith a high lift slc 5 >e -would stall -wlicre 
on9 wi-tli a low slope night stiH be effective. 

Tbs point of the preceding paragraph can bo grasped 
vividly -with the aid of Fig. 17* This is an exaggerated vector 
diagran which shows the effect of the introduction of a yaxr 
angle, "Y , with its angular -velocity, r, on the actual angle of 
attack of the rudder. It is seen that the instantaneous velo- 
city at the rudder, is the vector sun of tie huH»s forward 
velocity, V, and -the tangential -velocity at the rudder, r x a. 
Also, the instantaneous anglo of attack of the rudder, cx , is: 

oc •» f ■¥ e (6) 

It oust be concludod Idiat the only rudder which -will be effec- 
tive in such a case of rapidly increased anglo of attack is one 

« 

-witli burble point delayed to high angles, -wliich noans a low 
lift curve slope oc ). 

It is seen ihxn Fig. 7 that -blis only rudder of tiieso 
-tests Tjhich gives largo values of lift in the 30 degree ran{^, 
and at -the sane tine has a low slope to develop the lift slowly 
is the aspect ratio of 0.^, tlie lowest -tested. 

Other effects of aspect ratio aro shown in Figs. 11 and 
12. Tlie burblo point is soon to be delayed by over 10 degrees 
for A » 0*5 over the other two larger aspect ratios in Fig. 11, 
and tile Idnits of rudder throw are establislxjd thereby. The 
naxipun lift is also considGrably greater for the lowest as- 
pect ratio as seen in Fig. 12. These results are consickired to 
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be sifpaiTicaat, and should infliienc© the designer of flying 
boat rudders. 

One nore intorepting result of the lift curves that 
again points up the desirability of the low aspect ratio rud- 
der is the '’scatter^ of tlie points. TJie ccqparative lack of 
scatter for the 0*5 rudder indicates less sensitivity to dis- 
turbances which affect slc^, tlie raaxinrjci lift, and tire burble 
point. This lack of spread is seen in Figs* h» 9, K), 11, and 
12, and nay be contrasted to the variety of sliapes of the lift 
curves in the burble region for the aspect ratios of 1*0 acd 
2*0, Figs* 5 aiid 6* If one considers the effect of a snail 
disturbance in yar, it is evident that the rudder vdtii the 
least scatter idll react nost eff(«:tively. 

The influence of speed in these tests is less notice- 
able. Fig. 13 fails to show any increase or decrease of inaxi- 
aua lift vdth a chan^ in speed. It should bo noted that the 
loir speed values T?ere very difficult to obtain due to the very 
sraall yaw angles dovolc^sed. Therefore the resulting Iovt speed 
points are the least reliable, and chow the raost divergence 
froa the other speed results. 

Gap Effects. 

Turning nor/ to gap effects, it is renenbered tliat the 
location of the rudders is beneatii tlie keel of a VGo-eliaxx)d 
afterbody* This moans tliat wiaen tlie rudder is in a foro-and- 
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aft position, or zero degrees rudder angle, tlierc is no gap bo- 
twocn tliG top of th2 rudder and tlio keel; but as soon as the 
jTodder ic turned, a gap opens, increasing in size v,dth increao- 
i:ig rudder angle. It is desired to knasr the effect of this 
varying gap on tlie lift of the rudder. 

For a rough analysis, two lift curves iTere ro-plotted 

froci Darnell (37) tsith one from tliese tests in Fig. 8. Tiio 

Darnell rudder isas of A » 1.0, and t/c » 0.128; am tlie tests 

were made under a flat-bottooed inodel ship’s hull at v » 2.5 

n 

kts. This ccopares closely izith the rudder of this test* 

A « 1*0, t/c “ 0.125. and « 2,36 kts. although the actual 
rudder areas of Darnell’s tests t?ere 36 square inches. The 
Darnell rudder nas tested for two conditions of hull clearance: 
0 and 1/3 sixm lengths. With the flat botton tliis clearance 
irsLS constant. The tlrree curves in Fig. 0 show tljo differences 
in slope, 'which are numerically: .Qltii?, .0362, and *0335 -for 
the 0-clearance, 'varying-clearance, and 1/3-cloai'ance, respec- 
tively. Tiicse values correspond to effective aspect ratios of 
1.60, l.lii, and 1*0, respectively* Tiiis indicates that the ef- 
fect of the vee-^oottom gap-opening is to mduce the effective 
aspect ratio reflected gain by about 77 per cent. The angle of 
deadrise at tlie rudder location in this case rxis about 28 deg- 
rees. (The deadrise at the keel and step teis 20 degrees •) Al- 
tiioijgji this figure is very appicKinate due to the method of 
coeparison, it is indicative of tlie g,reat loss in lift due to 
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vxse-botton of a flyius boat. As ort) neano of regairdnc sooa of 
this loss, the possildJLity of addinc area before the rudder 
□ight be explored* 

Scale Effect. 

The EeynoHs nuniber (Vc/t^ ) for tiie testine of the 
A “1*0 rudder at * 1*0M- Tiias about 31 # ^00# using the chord 
of the rudder (l inch) as the dotomlning length, liocfever^ 
since the rudder is operating partially in the irake of the hull, 
that is, in -water -which already lias a turbulence corresponding 
to -the Reynolds iMiiber of the hull, it laalco it difficult to 
decide iraon a Reynolds nuaber to represent the turbulence of 
the flow about tlie rudder. It undoubtedly should bo cruch 
greater -than 31,500. 

This raises the question as to just how well tlie da-ta 
obtained here represent full scale conditiono. Darnell (37) 
discusses this matter at good length in the light of :Ml-scale 
-wind tunnel tosts and other data. lie states that up to -fcte 
burble point it is fairly safe -to say the effect of scale on 
tho hydrodynamic charac-boristics is negligible aside froa a 
small decrease in the profile drag at small angles of at-back. 

In general, an increase in velocity will shift tiie position of 
the btirble to higlxsr angles of attack. 

As mentioned above, V.'inter (56) concludes that for flat 
plates (approxina-boly the case here), tho flow pat-bem is prac- 
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tically indepenckant of the Heynolda nurober except for sraall 
valueD (tjhicli ic not tlis cace in this work). 

The Yaw Effects. 



As nentioned in the Introduction, this study did not at- 
ten^Jt to cover the pre-iuffp directional stsMlity pi*oblcsn* In 
the process of arriving at the rudders* lift curves, C.^ vs. V' 
cuives were laado -vdthout 37udders. As a mttcr of interest, 
similar tests and curves ^rero made nitli a rudder affijced* Figo* 
15 and 16 si^oner the effect of a rudder at various ang^cc of at- 
tack on the yaaBing DOdont curves* Fig. siieows tliat merely 
adding a rudder at zero angle (a fin or skeg in effect) results 
in giving the hull raore static directional statdlity* Fig* 16 
shows the additional effects of turning the rudder* the curve 
is shifted parallel to itself thus sliiTting tiie yaw angle for 
aero yacpf lacQent (to the port in the case of starboard rudder), 
until the burble point is passed. 



Sanplo Problem. 

A very elooentaiy saqplc problan is introduced to illua- 
trate tlis use of sccio of the data froa thsse tests. Let it be 
proposed to find tlx3 size of a -Kater rudder for a flying boat 
to develop a yawing lacsaont of 32,000 ft. lb. at 8*5 kts. 

Assunlng tiic naddor to be placed 20 ft. behind the cen- 
ter of gravity beneath the afterbody kool, the force required 
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is: 

L » » 1600 ft. lb. 

20 

Uains a 0*5 aspect ratio rudder at less than naximun 
lift, froa Fig. i+* at 30 degrees angle of attack, tiie lift co- 
efficient, is: 

» 0.720 • 

From t’ne lift fornula. 

Area - S “ — - m 

C^^PV 

^ 1600 

.72 X 1.9U X I X (lij.U)^ 

* 11.1 ft.^ 

and for a rcctangiilar shape. 

Span * 1 « (AS)^** » (0*5 x 11.1)^'^^ 

» 2.36 ft. 

Chord « c - SA = 11 . 1 / 2.36 
« li . 70 ft. 

Lift Guivo Construction . 

Another use tl:iat nay be made of these results is the con- 
struction of lift curves to meet ne^ and urrtestod conditions. 
Starting rrith the actual aspect ratio of a new I’udder, which 
need not bo even closoly rectangular, the slope of its lift 
cur/o nsay be ap^roociiaatod from Fig. 9. its raximun lift coeffi- 
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cient m.y tlien be obtained fr<xi Fig# 12# and itc burble point 
froQ Fig# 11. 7,’itli these boundaries# a curve nay bo arbitrai>- 
ily faired in the burble region# The action after burble ^11 
not be very well detonainod, but is not too ieportant either# 
Further# the effective a^^ct la-tio my be obtained fron Fig# 

10 . 

Unconsidered Factors - 

The variables considered in these tests '..ere United to 
speed', aspect ratio, and angle of attack, ard initial yaw angle. 
The results obtained included slope of lift curve, effective 
aspect ratio# naxinuri lift coefficient# burble angle of attaci:, 
and liraltod yaw effects. 

liany otler variables could Inve been considered# and 
perhaps should be in future work. Tlie location of the rudder 
could be varied along the afterbody kseel, aft of tiie stoniest, 
and oven on the bow. 

Its initial gap or distance bolosx the hull could also bo 
studied. In this respect# Darmll (37) concluded fnat all re- 
flected effects were loot at 1/3 of the span*c distance belo»T a 
flat-bottooed bull. 

T}ie design of tlic rudders tiiODselvos is open to further 
testing. Other shapes than rectangular laay offer advantages# 
such, as elliptical# or seiuL-elliptical outlines j or ralaBd lead- 
ing aid trailing edges. The thickness ratio influence nay be 
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explored whether or not a value of 0.20 is best as Fisclier (38) 
reported. On tho basis of the work of V^Lnter (58) and DamcH 
(37) it is tlioiight that those changes will siiow little effect. 

TIm 5 goneral hull conditions will certainly affect the 
rudder action, as for ezarple, the introduction of a planing- 
tail, or the dipping of a wing-tip float and the resulting hool 
£ind drag, or even a change in tho deadrise in tlie vicinity of 
the rudder. Load and trim are otlier variables of the IrvfLL not 
considered in this work. But these variables also arc not be- 
lieved to be of great infliience. 

Tho infliience of tlic wake tm’balence has not been 
studied here, but the good agracjEicnt of the lift curves ob- 
tained >d.th previous T/ork (37) loads to the belief tliat the 
woke does not seriously affect the rudders in this location. 

To adequately detcraine tho effectiveness of water rud- 
ders on flying boats dynanic turning tests must be made, as 
raentioned in the Introduction. This was a much bigger problem 
tlian could be entered for this investigation. 

Practical problems of design, installation, and control 
are left for developaent engineering. They inay bo considerable 
if 'inclnde retractability, structural strength, and auto- 
natic features. It is noted in this regard that tho 0.5 aspect 
ratio rudder favored above for other reasons, is here favorable 
for its smllar projection beneath tlae hull ^diich would be an 
obstruction on the beach. 
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COIJCLUSIOIB 



The outstandins conclusion of tiicsc tests is tl^o supers 
ior perfors 2 aiK:e of the Icmest ai^ct ratio (0.5) inidder over 
tlie other, liigher aspect ratio types for flying boat use. Its 
effectiveness is better in at least six respects: 

1. liighest F-nxinirn lift. 

2. J»lost dela^^ed burble point. 

3* Least sensitivity to yar; distirrbanccs, vrhich goes 
•sdth Icmest lift curve slc^. 

h* Greatest effective aspect ratio gain. 

5* Least obstruction offercxl on the beach. 

The gap that c^ns as a rudder iTith sero initial hull 
clearajTce is put over beneath a vcc-bottoood hull of about 30 
degrees deadrise is found to docroaso considerably tiic effoe- 
tivQ aspect ratio gain expected 1^ "reflection” effects. 

^hc effective aspect ratio gains appear to drop off as 
the actual aspect ratio increases. The gains for tlio 0.5. 1*0, 
and 2.0 aspect ratio rudders are found to be approxii ^atcly t 
plus 28^, plus and rninos 2.^, respectively. 

Tlio rudder locaticm usexi in these tests, beneath tlie 
afterbody keel near tlie sternpost, is considered to bo very 
good, for tlie risdi^r arm is large, the tjahe effects are smll, 
and tlxj rudders are coroletcly imorsod at lor: speeds (loss 
than 17 knots, full scale). 

Ftoq the inadeq^jate yanii^j tests, it is shoroi how the 
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yzxwin" nooent vercus ycrtr anglo curve is sixift-cd parallel to it- 
self for raddor aiigles less tliaa tlie burble point. 
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Rebt/on of Maximum Lift asd Aspect Ratio 
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Relation of Maximum Lift and Speed 
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